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http:WHAT THIS PAPER ADDS
Peripheral arterial disease can be diagnosed non-invasively by measuring an ankle-brachial index or toe-brachial
index. Laser Doppler ﬂowmetry is considered the reference standard for distal pressure measurements in many
vascular laboratories. Distal limb pressures are subject to substantial variation between repeated measure-
ments, and an important source of variation is attributed to observer variation when reading the generated ﬂow
curve proﬁles. This study investigates the diagnostic agreement and variation in pressures when reading the ﬂow
curves using laboratory technologists as observers, and suggests inﬂuence of diabetes and chronic kidney dis-
ease on reproducibility.Objectives: To assess the intra- and inter-observer variation in laser Doppler ﬂowmetry curve reading for
measurement of toe and ankle pressures.
Methods: A prospective single blinded diagnostic accuracy study was conducted on 200 patients with known or
suspected peripheral arterial disease (PAD), with a total of 760 curve sets produced. The ﬁrst curve reading for
this study was performed by laboratory technologists blinded to clinical clues and previous readings at least 3
months after the primary data sampling. The pressure curves were later reassessed following another period of at
least 3 months. Observer agreement in diagnostic classiﬁcation according to TASC-II criteria was quantiﬁed using
Cohen’s kappa. Reliability was quantiﬁed using intra-class correlation coefﬁcients, coefﬁcients of variance, and
BlandeAltman analysis.
Results: The overall agreement in diagnostic classiﬁcation (PAD/not PAD) was 173/200 (87%) for intra-observer
(k ¼ .858) and 175/200 (88%) for inter-observer data (k ¼ .787). Reliability analysis conﬁrmed excellent
correlation for both intra- and inter-observer data (ICC all .931). The coefﬁcients of variance ranged from 2.27%
to 6.44% for intra-observer and 2.39% to 8.42% for inter-observer data. Subgroup analysis showed lower
observer-variation for reading of toe pressures in patients with diabetes and/or chronic kidney disease than
patients not diagnosed with these conditions. BlandeAltman plots showed higher variation in toe pressure
readings than ankle pressure readings.
Conclusions: This study shows substantial intra- and inter-observer agreement in diagnostic classiﬁcation and
reading of absolute pressures when using laboratory technologists as observers. The study emphasises that
observer variation for curve reading is an important factor concerning the overall reproducibility of the method.
Our data suggest diabetes and chronic kidney disease have an inﬂuence on toe pressure reproducibility.
 2013 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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//dx.doi.org/10.1016/j.ejvs.2013.11.016The disease can be diagnosed non-invasively by
measuring the blood pressure at ankle or toe level and
calculating a ratio to the brachial pressure, known as the
ankle-brachial index or the toe-brachial index.2 Laser
Doppler ﬂowmetry (LDF) has received increasing attention
for distal pressure assessment, and is considered the
method of reference by many vascular laboratories.3,4 The
method is based on measurement of capillary ﬂow by the
emission of laser light carried by a ﬁbre-optic probe. The
light hits moving blood cells, which causes alteration in the
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subsequently detected by a sensor.4 The LDF method is
based on manual or automated reading of the derived ﬂow-
signal. This method has been shown to be highly sensitive
for the detection of low pressures (reduced signal) and
thereby leads to a high completion rate.5,6 Measurement of
blood pressure in the lower limbs is, however, subject to
substantial variation attributed to biological as well as
methodological factors.7 The LDF method has been char-
acterised by quantifying correlation with other methods, as
well as reproducibility.5,6,8 However, a major source of
variation is attributed to interpretation of the generated
curves.9,10 This is also the case in other methods used for
measurement of distal pressures such as strain gauge
plethysmography.10,11 The quality of the LDF signal can be
inﬂuenced by pathophysiological and external factors such
as limb tremor, sudden movement, hyperaemia, or
oedema.3,12 The aim of the present study was to assess
intra- and inter-observer variation among laboratory tech-
nologists for assessing the LDF curves.
METHODS
Subjects
A total of 200 consecutive patients participated in a trial
performed at the Department of Clinical Physiology, Viborg,
Denmark. The patients were recruited for a double-blinded
diagnostic accuracy study of LDF versus strain gauge
plethysmography.13 The study protocol was approved by
the Central Denmark Region Committees on Biomedical
Research Ethics and the Danish Data Protection Agency.Experimental procedure
The patients rested in a supine position for at least 15 mi-
nutes prior to the measurements in a room with temper-
atures at 25.4 C (0.6). The lower limbs were covered with
heating overlays prior to testing (Action Shear Smart, Action
Products Inc., Hagerstown, MD, USA) at 35e40 C. Toe
pressures were assessed by laser Doppler ﬂowmetry as well
as by strain gauge plethysmography in both limbs followed
by ankle pressure measurements by both methods in a
randomised sequence. The measurements were performed
by two operators blinded to the results of the other test.
Pressure measurements at the toe or ankle level were
conducted in both limbs simultaneously. Data for the strain
gauge plethysmography method is not part of the data
analysis in this paper.8 All measurements were made at
least twice at each measuring site. Measurements were
repeated until two readings were obtained with a maximum
of 10 mmHg of difference. A maximum of ﬁve measure-
ments were performed at each site.Measurements with laser Doppler ﬂowmetry
The MoorVMS-LDF (Moor Inc, Axminster, Devon, UK) sys-
tem was used for the LDF measurements. The two probes
(VP-1, Moor Inc, Axminster, Devon, UK) were embedded in a
moulded ﬂexible socket and secured using adhesive discs.The tubes from the occlusion cuffs were connected to the
pressure controller (MoorVMS-PRES, Moor Inc, Axminster,
Devon, UK). Following the positioning of the probe, an
automated protocol was initiated which inﬂated the
occlusion-cuff (inﬂation time approximately 3 seconds) to a
pressure selected by the operator (150e250 mmHg), well
above the systolic arm pressure. After a hold period of 10
seconds, the proximal cuff deﬂated automatically (3 mmHg/
s) with the probe measuring skin blood-ﬂow throughout the
deﬂation period with a sampling rate of 40 Hz. The inte-
grated software contained an algorithm that allows auto-
matic determinations of systolic pressure readings.
However, the algorithm did not work properly with the
current hold-and-release settings, and many readings were
clearly wrong (data not shown). Thus, no comparison of
automatic versus manual readings was performed.
Brachial blood pressure
Brachial blood pressures were measured in the supine po-
sition using an automated device (Digital Blood Pressure
Monitor, UA-852, A&D Instruments, Abingdon, UK). The
blood pressure was measured in both arms, and the side
with the highest systolic pressure was selected as the
reference for calculation of the ankle-brachial index and
toe-brachial index. The brachial pressure was acquired
simultaneously with all separate measurements of toe and
ankle pressures, allowing for the calculation of the ankle-
brachial index and the toe-brachial index independent of
brachial blood pressure variation.
Co-morbidity
Information regarding patient demographics, medication,
and medical history was registered by a questionnaire.
Presence of diabetes was deﬁned according to anti-diabetic
medication, and presence of chronic kidney disease was
identiﬁed if blood tests showed an estimated glomerular
ﬁltration rate of <60 mL/min/1.73 m2 for a period of more
than 3 months.14
Operators
The operators consisted of 10 laboratory technicians who
routinely perform distal blood pressure measurements at our
department. They had from 2.8 to 29.3 years (median 4.8
years) of experience with the distal pressure measurements.
Two of these laboratory technicians (observer A and observer
B) were assigned for the secondary rereading of the curves
used in this paper; they both had an experience of 3.4 years
with the strain gauge plethysmography method but limited
experience with the LDF method. The observers received su-
pervised training in LDF curve interpretation prior to the pri-
mary data sampling (data not used in this paper) and
additional training prior to the readings for this study.
Reading of pressure curves
Following the primary data sampling, the pressure curves
were made fully anonymous and no alterations were
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from the primary sampling is not used in this paper. All
pressure curves were randomised and reassessed three
times by the two observers (A and B) in one of four se-
quences as shown in Fig. 1. The ﬁrst readings in the present
study were performed independently at least 3 months
after the primary data sampling. The observers were
thereby blinded to clinical clues and patient history, as well
as to the results of the primary readings. Each of the
following two rereadings were performed after additional
periods of at least 3 months under the same standards.
Blood pressure values were read to the nearest mmHg.
Examples of LDF curves are shown in Fig. 2.Diagnostic classiﬁcation
PAD was diagnosed according to the TASC-II guidelines by
an ankle-brachial index 0.90 or a toe-brachial index
<0.70.15 Laser Doppler curves with constant pulsation
throughout deﬂation (>250 mmHg) and not reaching a
stabile baseline were deﬁned as incompressible vessels (ABI
>1.40) The ﬁndings of a low segmental pressure (toe
pressure <30 mmHg or ankle pressures <50 mmHg) in
addition to presence of chronic ischemic rest pain, ulcers, or
gangrene (Fontaine IIIeIV) deﬁned critical limb ischemia.15Statistical analysis
Data are presented as mean  standard deviation (SD).
Agreement in diagnostic classiﬁcation (PAD/not PAD) was
analysed by Cohen’s kappa. A k value ranging from .41 to
.60 was considered to show moderate agreement, a value
between .61 and .80 indicated substantial agreement, and
a value between .81 and .99 indicated almost perfect
agreement.16 Reproducibility was assessed using intra-class
correlation coefﬁcient (absolute agreement, single mea-
sures, two-way random model), coefﬁcients of variance,
and by BlandeAltman plots in order to allow visual
assessment of discordance in the range of pressures.17
Limits of agreement were compared by calculating a 95%
conﬁdence interval for upper and lower limits. A paired
Student t test was used to compare the means of the
variables of the two techniques, and an unpaired Student t
test for intragroup comparisons. A p value <.05 was
considered a statistically signiﬁcant ﬁnding. StatisticalFigure 1. Flow diagram showing the sequence of measurements.
The toe and ankle pressures were measured during primary data
sampling (closed circle). The LDF curves were randomised and
reassessed three times (open circles) by the two observers (A or B)
in one of four sequences displayed in the ﬁgure.analysis was performed using SPSS software version 20.0
(SPSS Inc., Chicago, IL, USA).RESULTS
Patients and data sampling
A total of 200 patients were enrolled, from which 52 pa-
tients (26%) were diagnosed with diabetes, 49 (25%) with
chronic kidney disease, 151 (76%) with arterial hyperten-
sion, and 55 (28%) were current smokers. The majority of
patients (159, 79%) were referred from the Department of
Vascular Surgery. The Fontaine classiﬁcations were distrib-
uted as follows; I: 37 (18%), II: 81 (40%), III: 41 (21%), and
IV: 41 (21%).
The patients presented with 195 right and 193 left limbs
(limb amputations, n ¼ 12) with 1,816 pressure curves
produced. A total of 24 ankle pressures were not obtained
because of recent surgery, fractures, or large wounds. Two
toe pressures were not obtained because of amputations.
Measurements were acquired in 195 right toes, 189 left
toes, 188 right ankles, and 188 left ankles. The measuring
site was excluded from analysis if one of the observers
deemed the entire dataset unacceptable. This was the case
in nine of the 760 datasets (1%). Individual mean segmental
blood pressure was based on two to three measurements in
most patients. An average of 2.4  0.7 curves were used for
toe pressures, and 2.4  0.6 curves were used for ankle
pressures to achieve a dataset according to the reproduc-
ibility criteria. More than two measurements were acquired
in 60 (31%) right toe pressures, 61 (32%) left toe pressures,
57 (30%) right ankle pressures, and 57 (30%) left ankle
pressures. No measurements were excluded based on low
or no pressure. The distal skin temperatures averaged
30.8 C (1.9) during the toe pressure measurements and
29.9 C (1.8) during the ankle pressure measurements.
For further details about patient demographics, medical
history, and clinical variables see Høyer et al. (2013).8Diagnostic classiﬁcation
In the intra-observer readings, 173 (86.5%) patients were
diagnosed with PAD and 21 (10.5%) as not meeting the
criteria for PAD by both observers. The observers disagreed
in the diagnosis of six patients (3.5%). The overall agree-
ment for inter-observer readings was 194/200 (97.0%) with
k ¼ .858 (95% CI: 0.746e0.970). Among the 82 patients
with Fontaine IIIeIV, the intra-observer reading agreed in
the diagnosis of CLI in 22 and agreed that 54 did not have
CLI. The observers disagreed in six cases leading to an
agreement of a k ¼ .828 (95% CI: 0.696e0.961).
In the inter-observer comparison, 175 (87.5%) were
classiﬁed as having PAD and 17 (10.5%) as not having PAD
by both observers. The observers disagreed in eight cases
(4.0%), leading to an agreement in diagnostic classiﬁcation
on a patient basis in 192/200 (96.0%). Analysis using
Cohen’s kappa showed an agreement of k ¼ .787 (95% CI:
0.643e0.932). The observers agreed in the diagnosis of CLI
in 76 patients (23 as having CLI, and 53 as not having CLI).
Figure 2. Examples of LDF toe pressure curves. Following inﬂation of the occlusion-cuff to supra-systolic pressure, the signal stabilises at
the biological zero. The occlusion cuff is slowly deﬂated, and as the ﬂow returns, the arterial inﬂow (A) can be detected (Phase I). The
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Table 1. Observer variation.
n Mean  SD
(mmHg)
Limits of agreement
(mmHg)
Mean diff. SDdiff
(mmHg)
pa CV ICC 95% CI
Intra-observer (A-2eA-1 or B-2eB-1)
Right toe pressures 193 72.0  32.2 15.3 to 10.8 2.2  6.5 .000 4.30% .977b 0.966e0.984
Left toe pressures 190 70.8  31.6 20.7 to 16.5 2.1  9.3 .002 6.44% .956 0.940e0.967
Right ankle pressures 183 111.8  41.0 12.7 to 8.7 2.0  5.3 .000 2.27% .990b 0.984e0.994
Left ankle pressures 180 108.6  42.3 14.3 to 11.7 1.3  6.5 .008 2.34% .988b 0.984e0.991
Inter-observer (B-2eA-2)
Right toe pressures 193 72.1  31.7 21.3 to 16.8 2.3  9.5 .001 5.65% .954b 0.937e0.966
Left toe pressures 190 70.4  31.8 22.1 to 19.6 1.2  10.4 .101 8.42% .947b 0.931e0.964
Right ankle pressures 183 111.9  40.7 16.7 to 12.2 2.3  7.2 .000 2.99% .983b 0.975e0.988
Left ankle pressures 180 108.6  42.3 12.5 to 10.0 1.2  5.6 .003 2.39% .991b 0.994e0.997
CV ¼ coefﬁcient of variance; ICC ¼ intraclass correlation coefﬁcient; Mean diff.: ¼ mean differences; SDdiff ¼ SD of mean differences;
CI ¼ conﬁdence interval.Limits of agreement are deﬁned as mean difference  2 SD. Incompressible vessels not included (n ¼ 8).
a Paired t test for mean differences.
b p < .001 for the ICC.
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ment in 76 of the 82 patients with Fontaine IIIeIV with
k ¼ .832 (95% CI: 0.702e0.961).Observer variation
A comparison of curve-readings for the intra-observer and
inter-observer data are presented in Table 1. Second read-
ings showed lower values than ﬁrst readings for all four
measuring sites in the intra-observer comparison, and in
three of the four sites in the inter-observer comparison
(p < .008). However, the mean differences are less than
2.4 mmHg in all instances. Intraclass correlation coefﬁcients
showed excellent correlation for both intra- and inter-
observer data (all .947). BlandeAltman plots for intra-
observer data are shown in Fig. 3, and for inter-observer
data in Fig. 4. In both comparisons, the plots show less
variation in ankle pressure readings than toe pressure
readings with no indication of heteroscedasticity.
Subgroup analysis was performed for patients suspected
of micro-vascular disease (diabetes, chronic kidney disease)
(n ¼ 86) versus patients not suspected of micro-vascular
disease (n ¼ 114). Analysis by t test did not show a sig-
niﬁcant difference for the mean difference in any of the four
measuring sites for the intra- or inter-observer comparisons
(all p > .132). The limits of agreement (LoA) with 95%
conﬁdence intervals are displayed in Fig. 5 for intra-
observer and inter-observer data. In both the intra- and
inter-observer comparisons the data show non-overlapping
95% conﬁdence intervals for toe pressure readings, indi-
cating higher variation in the group not suspected of micro-
vascular disease, than in the group suspected of micro-
vascular disease. This was also the case for left ankle
pressure in the intra-observer comparison, but not the
remaining ankle-pressure comparisons. The increasedcapillary ﬂow is restricted until the venous stasis is gradually released (
distinction between the phases and in curve (b) they are partly merged
the two phases as well as an initially weak DC signal. In curves (a), (b), a
to curve (d).variation in reading of toe pressures in patients not diag-
nosed with diabetes or chronic kidney disease persisted
when removing substantial outliers (difference >30 mmHg).
A similar subgroup analysis was performed according to
age (patients 70 years [n ¼ 111] vs. patients <70 years
[n ¼ 89]), absolute pressures (average toe pressures
70 mmHg [n ¼ 91], vs. toe pressures <70 mmHg
[n ¼ 109]), and gender (male [n ¼ 111] vs. female [n ¼ 89]).
All the investigated conﬁdence intervals for the LoA over-
lapped except for the intra-observer comparison for left toe
pressures for females (LoA: 16.7 to 11.8) vs. males (LoA:
23.0 to 20.6), and the intra-observer comparison for right
ankle pressures for patients with age 70 years (LoA: 17.3
to 15.3) vs. age <70 years (LoA: 9.0 to 5.6).DISCUSSION
The LDF method is used increasingly and considered the
reference standard for distal pressure assessment in
numerous vascular laboratories. However, knowledge con-
cerning observer variation of curve reading is sparse. In this
study, we demonstrated substantial intra- and inter-
observer agreement in the diagnostic classiﬁcation of PAD
and CLI. Additionally, we found a low inter- and intra-
observer variation for the reading of ankle pressures.
However, variation for reading of toe pressures curve
reading was more pronounced. Observer variation for
reading of toe pressures was smaller in patients with dia-
betes or chronic kidney disease than in patients not diag-
nosed with these conditions. There were no similar
associations in ankle pressure readings. The time to
completion of a pressure measurement for the LDF
methods was not recorded in this study. The time to obtain
one measurement was very similar in the comparative trial
between LDF and strain gauge plethysmography, the latterV) allowing unrestricted ﬂow (Phase II). In curve (a), there is a clear
. In curves (c) and (d), there is no clear distinction of the onset of
nd (c), there is good quality of the AC signal (pulsation) as opposed
Figure 3. Differenceemean plots for intra-observer readings for right (open circles) and left limbs (closed circles). Dotted lines indicate 2
SD, and solid lines indicate the means.
316 C. Høyer et al.recently being reported (approximately 15 minutes for a full
measuring sequence).8,13
To date, only one study has shown the observer variation
of LDF curve readings. Påhlsson et al. found a mean intra-
observer variability of 2e3 mmHg for toe pressure mea-
surements in a small study (n ¼ 16) with diabetic patients
using nurses and vascular technologists as observers.9
Another study showed LoA for 1-week reproducibility of
LDF measurements of approximately 30 mmHg.6 Com-
bined with the ﬁndings in our study, observer variation in
curve readings is likely to be an important factor in repro-
ducibility. The reproducibility of signal interpretation for
other methods such as strain gauge plethysmography has
been investigated.10,11 Observer variation in those studies
of the reading of ankle pressures is comparable with the
variation found in our study. However, the variation in
reading of toe pressures encountered in our study was
more pronounced for the LDF method.
Påhlsson et al. proposed the frequent presence of
biphasic curve patterns in LDF toe pressure measurements
as a potential source of variation, as they can be difﬁcult to
interpret.9 Based on ﬁndings in earlier animal and clinical
studies, they hypothesised that this could be attributed to
the response to post-occlusive reactive hyperaemia in the
presence of the combination of a vascular stenosis along
with a normal capillary bed. The normal response to reac-
tive hyperaemia following arterial occlusion, such as duringFigure 4. Differenceemean plots for inter-observer readings for right (o
SD, and solid lines indicate the means.segmental pressure measurement, is brief vasodilation fol-
lowed by vasoconstriction. In micro-vascular pathology such
as endothelial dysfunction which is associated with, for
example, diabetes, and chronic kidney disease, this
response pattern is dampened.18
However, the LDF signal produced in distal pressure
measurement is even more complex. In addition to the
effects of post-occlusive reactive hyperaemia, the return of
blood ﬂow involves re-ﬂow in the different blood vessels in
a given order, systolic pressure reached followed by diastolic
pressure, inﬂow until venous stasis compromises capillary
ﬂow followed by release of venous stasis. In theory, all
curves would thus produce a biphasic pattern caused by the
latter. In our study, the onset of the second slope in case of
a biphasic pattern was consistently near 40e50 mmHg as
shown in Fig. 2. The release of the venous stasis in this
pressure range is particularly prominent in measurement
with strain gauge plethysmography, which is based on
measurement of distal volume changes.10 However, in cases
with low arterial pressure (close to the venous pressure),
the phases in the LDF signal would be likely to merge.
Additionally, factors such as vasospasm, limb tremor,
oedema, and multiple vessel stenosis can also affect the
signal.12,19 The magnitude of the inﬂow following opening
of the ankle vessels is markedly higher than following
opening of the toe vessels, which is a likely explanation for
the high reproducibility demonstrated for ankle pressures.pen circles) and left limbs (closed circles). Dotted lines indicate 2
Figure 5. Upper and lower limits of agreement for intra-observer and
inter-observer data with 95% conﬁdence interval showing patients
with diabetes and/or chronic kidney disease (solid square) versus
patients not diagnosed with these conditions (hollow square).
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arteriolar reﬂex is activated, leading to vasoconstriction
and, ultimately, a reduction in peripheral blood ﬂow.20 This
reﬂex is activated when a venous pressure larger than
40 mmHg is present and can induce up to 50% reduction of
the arterial inﬂow.21 Studies have shown that this reﬂex is
diminished in patients with micro-vascular disease such as
in diabetes.22 In patients with a normal capillary capacity a
fully active reﬂex would hypothetically lead to curves that
are difﬁcult to interpret, as it would induce a dampened
signal until release of the venous stasis. This is in line with
the ﬁndings in this study, as a lower variation in curve
reading in patients diagnosed with diabetes or chronic
kidney disease was found. However, given the generalised
nature of these co-morbidities, there could be potential
masked confounders such as medication or distribution of
vessel lesion that could also explain the variation encoun-
tered. The anatomical distribution of lesions in arterioscle-
rosis has been shown to vary according to the risk factors
such as diabetes and smoking.23 For instance, serially linked
vessel stenoses are known to induce weak signals.19 In
cases with poor signal quality, the inﬂuence of a reduced
signal during venous occlusion is especially critical, as the
massive upslope following release of the venous stasis,
could be falsely interpreted as the arterial pressure. An
example of this situation is displayed in Fig. 2, curve d.
Additional studies with focus on the physiological nature
of the ﬂow-proﬁle are required to fully understand thesignal changes related to micro-vascular disease to avoid
diagnostic pitfalls. This is pivotal to ensure optimal diag-
nostic accuracy and reproducibility when using laser
Doppler ﬂowmetry.Conclusions
This study shows substantial intra- and inter-observer
agreement in diagnostic classiﬁcation and absolute pres-
sures when using laboratory technologists as observers.
However, the study reveals that intra- and inter-observer
variation for reading of toe and ankle pressures is an
important factor regarding the overall reproducibility of the
laser Doppler ﬂowmetry method. The variation of toe
pressure readings was higher than that encountered in
ankle pressures, and our data suggest inﬂuence of co-
morbidity related to micro-vascular disease such as dia-
betes, and chronic kidney disease on reproducibility.
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